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Abstract 

Pt  and  Pt-Ru  nanowire  array  electrodes  were  obtained  by  dc  (direct  current)  electrodeposition  of  Pt  and  Ru  into  the  pores  of  an  anodic  aluminum 
oxide  (AAO)  template  on  a  Ti/Si  substrate.  Transmission  electron  microscope  (TEM)  examination  showed  all  the  nanowires  had  a  uniform  diameter 
of  about  30  nm.  The  brush  shaped  Pt  and  Pt-Ru  nanowire  array  electrodes  could  be  seen  clearly  by  scanning  electron  microscope.  Pt  and  Pt-Ru 
nanowire  array  electrodes  gave  the  X-ray  diffraction  pattern  of  a  face-centered  cubic  (fee)  crystal  structure.  The  electro-oxidation  of  methanol  on 
these  electrodes  was  investigated  at  room  temperature  using  cyclic  voltammetry.  The  results  demonstrated  that  the  alloy  nanowire  array  electrode 
was  catalytically  more  active  than  a  pure  platinum  nanowire  array  electrode  and  the  Pt-Ru  nanowire  array  electrode  may  have  good  potential  for 
applications  in  portable  fuel  cell  power  sources. 

©  2006  Elsevier  B.V.  All  rights  reserved. 
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1.  Introduction 

Portable  power  sources  are  critical  for  mobile  devices  such 
as  celluller  phones,  lap  top  computers,  pacemakers,  and  various 
microsystems.  Direct  methanol  fuel  cells  (DMFC)  are  attrac¬ 
tive  as  portable  power  sources  [1-7]  because  they  require  only 
the  introduction  of  methanol  to  generate  power.  They  do  not 
require  the  electrical  charging  of  a  traditional  secondary  bat¬ 
tery.  The  fundamentals  of  the  DMFC  system  have  been  studied 
extensively  [8-12].  Several  groups  have  made  micro  fuel  cells 
using  micro-fabrication  technologies  using  C/Si  plane  substrates 
[13-18]. 

Research  indicates  that  the  electrochemical  characteristics 
of  the  electrode  materials  are  highly  dependent  on  the  grain 
size,  texture,  surface  area  and  morphology.  An  ordered,  high 
surface  area  structure  of  electrode  materials  can  enhance  elec¬ 
trochemical  characteristics.  Seong  Ihl  Woo  and  coworkers  have 
demonstrated  that  a  high  surface  area  nanowire  array  elec¬ 
trode  of  the  catalyst  has  significantly  improved  its  capabil¬ 
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ity  compared  with  a  catalyst  black  electrode  [19].  An  anodic 
aluminum  oxide  (AAO)  template  offers  a  promising  route  to 
make  a  high  surface  area,  ordered  nano  wire  electrode.  Recently, 
PtNi  nanorods  for  methanol  electro- oxidation  were  prepared 
by  the  AAO  template  method  [20].  But  this  method  is  diffi¬ 
cult  to  use  in  practice  due  to  the  fragility  of  the  AAO  template 
[21-27]. 

In  this  work,  AAO  films  were  successfully  grown  on  a  Ti/Si 
substrate  and  this  is  the  first  time  it  was  used  as  a  template 
to  synthesize  a  high  surface  area  and  ordered  nanowire  array 
electrode  for  methanol  electro-oxidation.  The  electrochemical 
characterization  of  an  ordered  nanowire  array  on  the  Ti/Si 
substrate  was  performed  by  cyclic  voltammetry  in  an  0.5  M 
CH3OH  +  O.5M  H2SO4  aqueous  solution  using  the  nanowire 
array  as  the  working  electrode.  The  electro-catalytic  activity 
of  the  nanowire  array  electrode  for  methanol  oxidation  was 
investigated.  The  nanowire  array  electrode  consisted  of  only 
electrochemically  active  material  (Pt  and  Pt-Ru)  and  was  fairly 
stable.  The  results  demonstrate  that  the  nanowire  array  elec¬ 
trode  could  have  good  potential  applications  in  portable  fuel 
cell  power  sources  since  the  alloy  nanowire  array  electrode  was 
catalytically  more  active  than  a  pure  platinum  nanowire  array 
electrode. 
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2.  Experiments 

2.1.  Preparation  of  AAO/Ti/Si 

A  highly  pure  Al  film  (99.999%,  ^3.5  fxm)  was  deposited  on 
a  p-type  silicon  substrate  coated  with  a  Ti  (^300  nm)  film  using 
radio  frequency  (RF)  sputtering.  The  anodization  was  carried  out 
in  a  0.3  M  oxalic  acid  solution  at  20  V  and  room  temperature  for 
1  h  for  pores  of  "^30  nm  in  diameter.  The  resulting  aluminum 
film  was  etched  away  in  0.4  M  H3PO4,  0.2  M  H2Cr204  at  50  °C 
for  2  h,  and  the  remaining  aluminum  was  re-anodized  under  the 
same  conditions  until  the  Al  film  was  fully  oxidized.  To  remove 
the  barrier  layer,  the  anodization  was  continuously  processed  for 
30-60  min. 

2.2.  Preparation  of  the  nanowire  array  electrodes 

The  electrolyte  used  for  Pt  nanowires  electrodeposition 
was  5mM  H2PtCl6  and  1.2  mM  HC1.  The  electrolyte  used 
for  the  Pt-Ru  nanowire  electrodeposition  was  composed  of 
5mM  H2PtCl6,  1  mM  RUCI3  and  1.2  mM  HC1.  Electrodepo¬ 
sition  was  carried  out  at  room  temperature,  using  a  three- 
electrode  potentiostatic  control  and  direct  current  electrode¬ 
position  system  with  a  saturated  calomel  electrode  (SCE)  as 
the  reference  electrode.  A  1 .0  cm  x  1 .0  cm  platinum  plate  was 
the  counter  electrode  and  the  AAO/Ti/Si  structure  was  the 
working  electrode.  The  electrodeposition  was  carried  out  at 
0  V  (versus  SCE)  for  Pt  and  —0.2  V  (versus  SCE)  for  Pt-Ru 
nanowires  with  a  CHI  660  electrochemical  analyzer.  The  elec¬ 
trodeposition  was  continued  until  the  deposited  nanowires 
“overflowed”  from  the  nanoholes.  The  overflowed  nanowires 
were  mechanically  polished  with  a  metallographic  abrasive 
paper.  The  as-prepared  samples  were  immersed  in  1  M  NaOH 
for  0.5  h  to  remove  the  A  AO  film.  Then  the  brush  shaped 
nanowire  array  was  obtained.  The  procedure  is  shown  in 
Fig.  1. 

2.3.  Measurements 

A  conventional  cell  with  a  three-electrode  configuration  was 
used  throughout  this  work.  The  nanowire  array  electrodes  were 
employed  as  the  working  electrodes  and  a  saturated  calomel 
electrode  (SCE)  was  used  as  the  reference  electrode.  The  quan¬ 
tity  of  electrocatalyst  on  the  working  electrode  was  1  mg  cm-2 


Fig.  2.  FESEM  images  of  the  surface  morphology  of  an  AAO  film  on  a  Ti/Si 
substrate  after  the  second  anodization. 

which  was  calculated  from  the  electrodeposition  charge  in 
Coulombs.  Electrochemical  measurements  were  performed  with 
a  CHI  660  electrochemical  analyzer,  and  the  potentials  were 
measured  with  respect  to  SCE. 

The  morphology  of  the  nanowires  was  characterized  using  a 
Hitachi  600  transmission  electro  microscope  (TEM).  The  TEM 
samples  were  prepared  by  scraping  the  Pt  and  Pt-Ru  nanowires 
from  the  substrate  and  into  a  vessel  for  dispersing  in  ethanol.  X- 
ray  diffraction  (XRD)  data  of  the  samples  were  collected  using 
a  Rigaku  D/MAX  24,000  diffractometer  with  Cu  Ka  radiation. 
The  morphology  of  the  Pt  and  Pt-Ru  nanowire  array  electrodes 
on  Ti/Si  substrate  were  examined  by  scanning  electron  micro¬ 
scope  (FESEM,  JEOL  JSM-S4800). 

3.  Results  and  discussion 

3.1.  FESEM  analysis  of  AAO  film  on  Ti/Si  substrate 

After  a  two-step  anodization  in  0.3  M  oxalic  acid  solution  at 
room  temperature,  the  resulting  template  has  parallel  pores  with 
a  fairly  narrow  size  distribution,  as  shown  in  Fig.  2.  Fig.  2  shows 
that  the  porous  alumina  structure  has  an  average  pore  diameter 
about  40  nm,  the  interspaces  were  about  60  nm  and  the  pore 
densities  about  1010cm~2.  But  their  arrangement  had  a  lower 
order  than  AAO  on  bulk  Al  probably  due  to  the  small  grain  size 
[28]  and  thin  aluminum  films  [29]. 


Al 


sputtering 


remove  the  AAO  film  electrodepostion  over-anodizing 


Fig.  1.  Schematic  of  the  procedure. 
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Fig.  3.  TEM  (a)  image  of  the  sample  Pt-Ru  nanowires  and  SEM  (b)  image  of  the  surface  morphology  of  Pt-Ru  nanowire  array  electrode. 


3.2.  TEM  and  SEM  analysis  of  the  Pt-Ru  nanowire  array 
electrode 

Fig.  3(a)  shows  a  typical  TEM  image  of  the  Pt-Ru  nanowires. 
The  TEM  images  reveal  that  the  nanowires  obtained  on  the  Ti/Si 
substrate  are  of  regular  size  and  are  continuous.  All  of  them  had 
a  uniform  diameter  of  about  30  nm,  which  basically  was  that  of 
the  pores  of  the  AAO  template  used.  The  length  of  the  nanowires 
was  about  1  pan,  which  is  identical  to  the  thickness  of  the  AAO 
template  on  the  Ti/Si  substrate.  The  SEM  image  in  Fig.  3(b) 
shows  the  surface  view  of  Pt-Ru  nanowire  array  electrode.  From 
Fig.  3(b),  we  can  find  that  many  clusters  protrude  from  the  Ti/Si 
substrate  which  provide  a  high  surface  area  electrode.  The  clus¬ 
ters  could  result  from  the  situation  in  which  the  nanowires  are 
uncovered  from  the  framework  of  the  porous  anodic  aluminum 
template  but  incompletely  freestanding.  When  the  porous  anodic 
alumina  template  is  dissolved  away,  the  nanowires  are  embed¬ 
ded  in  the  template  and  are  released  gradually  and  inclined 
to  agglomerate  together  to  minimize  the  system  free  energy. 
Fig.  3(b)  also  shows  that  the  nanowires  are  abundant,  uniform 
and  well  ordered  in  the  large  area.  From  Fig.  3(b),  it  can  be  esti¬ 
mated  that  the  pore  filling  rate  is  above  90%,  and  some  nanowires 
are  lost  from  the  electrode  surface.  From  the  diameter,  the  fill¬ 
ing  rate  and  the  length  of  the  nanowires,  it  is  easy  to  show  that 
the  nanowire  array  electrode  had  10  cm2  of  Pt  area  per  cm2 
of  substrate  electrode  area.  The  value  for  a  commercial  Pt-Ru 
black  (Johnson  Matthey,  Hispec  6000)  is  2.1  cm2Pt/cm2  thin- 
film  electrode  [19].  The  morphologies  of  the  Pt  nanowires  and 
Pt  nanowire  array  electrode  are  the  same  as  the  Pt-Ru  nanowires 
and  Pt-Ru  nanowire  array  electrode,  so  they  are  not  shown 
here. 

3.3.  XRD  analysis  of  Pt  and  Pt-Ru  nanowire  array 
electrodes 

Fig.  4  shows  the  XRD  patterns  of  the  as-prepared  Pt  and 
Pt-Ru  nanowire  array  electrodes.  In  the  samples,  only  the  reflec¬ 
tions  corresponding  to  the  planes  (1  1  1),  (2  00),  (2  20),  and 
(3  1  1),  characteristic  of  the  face-centered  cubic  (fee)  structure  of 
Pt  are  present.  With  the  introduction  of  Ru  into  the  fee  structure 
of  Pt,  the  Pt  refections  are  shifted  to  higher  20,  which  is  char- 


Fig.  4.  XRD  patterns  of  Pt  (a)  and  Pt-Ru  (b)  nanowire  array  electrodes. 


acteristic  of  a  contraction  of  the  lattice.  No  peaks  characteristic 
of  Ru  or  Ru  oxides  were  detected,  but  their  presence  cannot  be 
dismissed  because  they  may  be  present  in  a  very  small  amount 
or  even  in  an  amorphous  form. 

3.4.  EDS  analysis  of  the  Pt-Ru  nanowire  array  electrode 

EDS  analysis  of  the  Pt-Ru  nanowire  array  electrode  in  Fig.  5 
confirms  a  nearly  9:1  atomic  ratio  of  Pt  to  Ru.  The  study  of 
Hubert  A.  Gasteiger  et  al.  [30]  concluded  that  the  high  catalytic 
activity  of  Pt-Ru  alloys  in  the  electro-oxidation  of  methanol 
derives  from  the  bifunctional  character  of  the  alloy  surface: 
the  adsorption  of  methanol  on  Pt  ensembles  and  the  oxidative 


PtMa2 
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removal  of  methanol  dehydrogenation  fragments  by  oxygen-like 
species  adsorbed  onto  adjacent  Ru  atoms.  A  statistical  model 
is  presented  which  predicts  rather  precisely  the  optimum  alloy 
composition  of  ^10  at.  %. 

3.5.  Electrochemical  properties  of  Pt  and  Pt-Ru  nanowire 
array  electrodes 

Fig.  6  shows  the  CVs  for  methanol  oxidation  at  Pt  (Fig.  6(a)) 
and  Pt-Ru  (Fig.  6(b))  nanowire  array  electrode  surface  in  0.5  M 
sulfuric  acid  containing  0.5  M  methanol  solution.  We  can  find 
that  the  CV  of  methanol  oxidation  on  Pt-Ru  nanowire  array 
electrode  is  very  similar  to  that  of  a  Pt  nanowire  array  electrode. 
The  shape  of  the  CV  curves  and  the  peak  potential  (Ef)  are 
in  accord  with  other  work  [31].  In  the  forward  scan,  methanol 
oxidation  produced  a  prominent  symmetric  anodic  peak,  the 
peak  potential  of  0.73  V  for  Pt  and  of  0.6  V  for  Pt-Ru  nanowire 
array  electrode.  In  the  reverse  scan,  there  was  an  anodic  peak 
detected  on  both  Pt  and  Pt-Ru  nanowire  array  electrode,  Good- 
enough  et  al.  and  Lijuan  Zhang  et  al.  attributed  this  anodic 
peak  in  the  reverse  scan  to  the  removal  of  the  incompletely  oxi¬ 
dized  carbonaceous  species  formed  in  the  forward  scan  [32,33]. 
Hence  the  ratio  of  the  forward  anodic  peak  current  density  (If) 
to  the  reverse  anodic  peak  current  density  (/*>),  /f/4,  can  be 
used  to  describe  the  catalyst  tolerance  to  carbonaceous  species 
accumulation.  A  low  /f/4  ratio  indicates  poor  oxidation  of 
methanol  to  carbon  dioxide  during  the  anodic  scan  and  exces¬ 
sive  accumulation  of  carbonaceous  residues  on  the  nanowire 
array  electrode  surface.  A  high  If/If,  ratio  shows  the  reverse 
case. 

From  qualitative  analysis  of  these  voltammetric  profiles, 
three  aspects  are  immediately  evident.  First,  at  the  Pt-Ru 
nanowire  array  electrode  surface,  the  peak  potential  for  methanol 
oxidation  is  shifted  negatively  by  over  1 30  mV.  Second,  the  cur¬ 
rent  density  at  the  Pt-Ru  nanowire  array  electrode  is  higher  than 
that  for  the  Pt  nanowire  array  electrode.  Thirdly,  the  If /lb  ratio 
of  1.28  for  Pt-Ru  nanowire  array  electrode  is  higher  than  that 
of  Pt  (If/lb  =  1 .08),  which  indicated  more  intermediate  carbona- 


Fig.  6.  Cyclic  voltammograms  of  0.5  M  CH3OH  in  0.5  M  H2SO4  at  Pt  nanowire 
array  electrode  (a)  and  Pt-Ru  nanowire  array  electrode  (b).  Scan  rate:  50  mV  s- 1 . 


Time/second 


Fig.  7.  Chronoamperograms  of  0.5  M  CH3OH  in  0.5  M  H2SO4  at  Pt  nanowire 
array  electrode  (a)  and  Pt-Ru  nanowire  array  electrode  (b). 

ceous  species  are  oxidized  to  carbon  dioxide  in  the  forward  scan 
on  Pt-Ru  nanowire  array  electrode  surface  than  on  Pt  nanowire 
array  electrode  surface. 

The  chronoamperograms  (CA)  of  Pt  and  Pt-Ru  nanowire 
array  electrodes  at  0.5  V  are  compared  in  Fig.  7.  With  the 
potential  fixed  at  0.5  V,  methanol  was  continuously  oxidized  on 
the  electrodes  and  the  tenacious  reaction  intermediates  such  as 
COads  would  begin  to  accumulate  if  the  kinetics  of  the  removal 
reaction  could  not  keep  pace  with  that  of  methanol  oxidation. 
A  more  gradual  decay  of  the  current  density  with  time  is  never¬ 
theless  an  indication  of  improved  CO  resistance.  The  oxidation 
current  density  decreases  to  30%  of  its  initial  value  after  500  s 
for  the  Pt-Ru  nanowire  array  electrode  as  shown  in  Fig.  7, 
whereas  the  corresponding  decay  for  the  Pt  nanowire  array  elec¬ 
trode  was  more  severe,  at  18%.  The  improved  CO-tolerance  of 
the  Pt-Ru  nanowire  array  electrode  can  be  explained  by  a  bi¬ 
functional  mechanism  [34,35]  in  which  the  reaction  between 
strongly  bound  Pt3CO  species  and  OHads  on  neighbouring  Ru 
sites  contribute  to  the  major  removal  mechanism.  This  is  com- 
sistent  with  the  work  of  Jianhuang  Zeng  and  Jim  Yang  Lee 
[36]. 

4.  Conclusions 

A  new  method  has  been  introduced  to  construct  catalysts 
for  methanol  electro-oxidation  using  an  AAO  template  on 
a  Ti/Si  substrate.  The  structure  and  electrocatalytic  proper¬ 
ties  of  a  Pt-Ru  nanowire  array  electrode  have  been  inves¬ 
tigated  (the  optimum  alloy  composition  was^l0at.%).  The 
nanowire  array  electrodes  had  a  high  electrode  area,  and  there 
was  almost  no  waste  of  Pt  and  Ru  in  contrast  to  the  tradi¬ 
tional  method  because  of  electrochemical  method  used  to  con¬ 
struct  the  electrodes.  AAO/Ti/Si  may  be  a  good  candidate  for 
making  electrodes  for  portable  fuel  cell  power  sources.  From 
the  C/V  and  the  C/A  data,  we  can  conclude  that  the  Pt-Ru 
nanowire  array  electrode  shows  better  electrocatalytic  activity 
and  stability  for  methanol  oxidation  than  the  Pt  nanowire  array 
electrode. 
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